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a b s t r a c t

The extensive use of various antibiotics and organic dyes has led to increasingly severe environmental

issues and posed a significant threat to human health. Developing an efficient and safe dual-functional

photocatalytic material for degradation and antibacterial purposes is the key to solving environmental

pollution problems. Polythiophene and covalent organic frameworks (COFs) possess excellent photophys-

ical properties, high stability, and ease of modification, offering broad application prospects and signifi-

cant development potential in the removal of organic pollutants and antibiotic-resistant bacteria (ARB).

A high-performance conductive polymer PTET-T-COOH (PThC) was prepared via the Stille coupling reac-

tion, and a bipyridine (Bpy) covalent organic framework Bpy-COF was synthesized through acid-catalyzed

imine condensation. By utilizing the π-π stacking and hydrogen bonding interactions between Bpy-COF

and PThC, a novel Bpy-COF/PThC all-organic heterojunction was successfully fabricated. Compared to Bpy-

COF and PThC, the composite exhibits a broadened spectral response range and higher carrier separation

efficiency. The 30% Bpy-COF/PThC demonstrates the best photocatalytic performance, achieving a 99.96%

inactivation rate of methicillin-resistant Staphylococcus aureus (MRSA) with a cell density of 7.23 log and

a 95.28% bactericidal rate of Escherichia coli (E. coli) with a cell density of 7.50 log within 60min. Un-

der natural light, it not only exhibits good inactivation effects on both MRSA and E. coli, but also shows

excellent degradation performance for rhodamine B, methylene blue, and tetracycline. The cytotoxicity

experiment demonstrates that the composite exhibits good biocompatibility and potential for practical

applications. The research results provide new design ideas for constructing efficient and safe organic

photocatalysts, and offer a theoretical basis for the treatment of water pollution.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Antibiotic-resistant bacteria (ARB) and organic pollutants in the

aquatic environment pose a significant threat to environmental

safety and human health [1–4]. Represented by methicillin-

resistant Staphylococcus aureus (MRSA), MRSA is one of the

primary pathogens responsible for hospital infections. It exhibits

multidrug resistance and strong pathogenicity, capable of causing

skin and soft tissue infections, bloodstream infections, and infec-

tions of various organs throughout the body. Infections caused by
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this bacterium are difficult to treat and have a high mortality rate

[5–8]. Therefore, eliminating antibiotic-resistant bacteria and other

organic pollutants is of great significance for sustainable human

development.

Due to the disadvantages of traditional chemical and physical

sterilization methods, such as high cost, cumbersome operation

process, incomplete sterilization, and high biological toxicity of by-

products, their industrial application has been hindered [9–11].

Therefore, it is urgent to develop new, efficient, and green tech-

nologies for removing pathogenic microorganisms from water bod-

ies. Photocatalytic sterilization technology has been widely studied

in recent years due to its advantages of strong oxidation capac-

ity, low energy consumption, and mild reaction conditions. It has
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broad application prospects and great development potential in re-

moving organic pollutants and ARBs [12–15]. Designing and devel-

oping efficient, safe, and bacteria-resistant novel antimicrobial ma-

terials is the key to photocatalytic sterilization technology.

Currently, inorganic semiconductor photocatalytic antibacterial

materials, such as ZnO, TiO2, and Ag3PO4, are widely studied [16–

18]. However, most inorganic semiconductor photocatalysts suffer

from high photogenerated carrier recombination rates, low quan-

tum efficiency, and wide band gaps, which hinder their effective

utilization of visible light [19–23]. Additionally, the potential bio-

logical toxicity of the metal elements they contain greatly limits

their widespread use [24–27]. Compared to inorganic materials, or-

ganic semiconductor materials possess numerous unparalleled ad-

vantages such as abundant resources, precise design of molecular

structure, tunable electronic structure and light absorption, as well

as diverse self-assembly morphologies and functions [28–31].

Therefore, there is an urgent need to develop efficient, environ-

mentally friendly, and biocompatible organic antibacterial materi-

als.

Polythiophene is a class of conjugated polymers characterized

by excellent photophysical properties, low toxicity, high stability,

and ease of modification. It is widely used in fields such as biologi-

cal imaging, bacterial inactivation, and sensing [32–36]. In previous

work, our research group copolymerized 2,5-dibromothiophene-

3-carboxylic acid monomer with the planar T-E-T-Tin monomer

through palladium-catalyzed Stille coupling reaction, obtaining a

thiophene-based polymer PThC with a regular chain structure. This

polymer can kill approximately 99.9% of MRSA after being irradi-

ated with visible light for about 2h [37]. However, polythiophene

has a high recombination rate of photogenerated carriers, resulting

in low photocatalytic performance and limiting its practical appli-

cations [34–39]. Constructing heterojunction composite materials

with tightly contacted interfaces is one of the most effective strate-

gies to enhance carrier transport efficiency [40–44].

The novel porous crystalline covalent-organic frameworks

(COFs) are considered as ideal platforms for achieving this goal,

owing to their advantages such as abundant catalytic sites, large

specific surface area and structural diversity [45–48]. COF-based

antimicrobial agents possess numerous advantages over other

porous materials. Their robust covalent bonds confer high stability,

making them suitable for various antimicrobial conditions. Further-

more, their regular, long-range open nanopores provide a stable

microenvironment and rapid diffusion channels for reactive oxygen

species (ROS). Their conjugated π system and open planar struc-

ture can effectively promote light absorption and carrier trans-

port. More importantly, COFs do not contain unstable and harm-

ful metals or metal oxides, making them highly safe and practical

for biomedical applications. Therefore, the value of COFs in antimi-

crobial applications has been continuously explored [49–52]. For

instance, Liu et al. [51] synthesized five COFs with different nitro-

gen atom positions using p-phenylenediamine with varying num-

bers and positions of heterocyclic nitrogen atoms as precursors,

and applied them to the inactivation of E. coli. Their study revealed

that by embedding heterocyclic N atoms in the precursor, the lo-

cal electronic structure of the COF can be optimized, enhancing

charge interaction and quantum efficiency, thereby improving the

photocatalytic sterilization performance of the COF. This provides a

new approach for developing novel multifunctional water disinfec-

tion photocatalysts based on COF materials. Additionally, construct-

ing COF heterojunction composites and using them for photocat-

alytic antibacterial activity has also become a hot research area.

For example, Lv et al. [52] synthesized a MIL-88B@COF-200@10%

PANI composite using a stepwise self-assembly method. The results

showed that the type II heterojunction constructed from bimetallic

Fe.Co-MIL-88B and spherical COF-TPA/TPB can effectively promote

the separation and transfer of photoinduced carriers. Compared to

the monomers, the Fe.Co-MIL-88B@COF-200@10% PANI composite

exhibited superior killing effects on E. coli and Staphylococcus au-

reus.

However, research on photocatalytic antibacterial materials

based on PThC and COF is relatively scarce and urgently needs

to be explored. Based on this, we prepared a high-performance

conductive polymer PThC through the Stille coupling reaction and

a bipyridine covalent organic framework Bpy-COF through acid-

catalyzed imine condensation. Leveraging the π-π stacking and

hydrogen bonding interactions between Bpy-COF and PThC, we

successfully fabricated a novel Bpy-COF/PThC all-organic hetero-

junction. We systematically investigated the chemical structure,

photoelectrochemical properties, photocatalytic degradation of or-

ganic pollutants, and sterilization performance and mechanism of

the photocatalyst. Additionally, the safety of the photocatalyst was

evaluated through cytotoxicity experiments. The research results

provide new design ideas for constructing efficient and safe or-

ganic photocatalysts, and offer a theoretical basis for water pollu-

tion control and treatment.

Preparation of PTET-T-COOH: Under nitrogen protection, T-E-T-

Tin (200mg, 0.386mmol) and 2,5-dibromo-3-thiophene carboxylic

acid (110.42mg, 0.386mmol) dissolved in anhydrous toluene

(40mL) were added to the reaction flask. Then, anhydrous DMF

(8mL) and Pd (PPh3) 4 (70mg, 0.038mmol) were added. The mix-

ture was stirred at 110 °C for 72h under conditions of anhydrous

and anaerobic conditions. Then, the solvent was removed by rotary

evaporation, washed with anhydrous ethanol, and dried overnight

in a vacuum oven at 80 °C. After soxhlet extraction with anhydrous

ethanol, acetone and n-hexane for 24h each, they were dried to

obtain a reddish-brown solid (180mg, 89%). After 24h of Soxhlet

extraction with anhydrous ethanol, acetone, and n-hexane, a red-

dish brown solid (180mg, 89%) was obtained by drying.

Preparation of Bpy-COF: 2,4,6-Tris(4-aldehyde phenyl)-1,3,5-

triazine (TFPT, 15.73mg) and 5,5′-diamino-2,2′-bipyridine (Bpy,

11.17mg) were added to a high-temperature resistant glass tube

after grinding, then 1,4-dioxane (0.5mL), m-trimethylbenzene

(0.5mL), and anhydrous acetic acid (0.07mL 6mol/L) were added.

The glass tube was frozen and vacuumed with liquid nitrogen,

sealed with a flame spray gun, and placed in an oven at 120 °C for

3 days to obtain orange solid products. The product was washed

three times with acetone and dried.

Preparation of Bpy-COF/PThC heterojunction: 14mg PTET-T-

COOH was dissolved in 20mL tetrahydrofuran, and after ultrasound

for 1h, it was added drop by drop to the mixed solution com-

posed of 6mg Bpy-COF and 20mL anhydrous ethanol. 30% Bpy-

COF/PThC was obtained by mechanical stirring for 5h at room tem-

perature and away from light. By changing the monomer mass,

10%, 20%, 40%, and 50% Bpy-COF/PThC composites were prepared,

respectively. The solvent was evaporated by rotation, washed with

ethanol, and dried in a vacuum drying oven.

The characterization methods of the materials, as well as the

evaluation of their biotoxicity testing and photocatalytic activity,

are described in detail in Supporting information.

As shown in Fig. 1a, a high-performance conductive polymer

PTET-T-COOH (PThC) was prepared via the Stille coupling reaction,

and a bipyridine (Bpy) covalent organic framework Bpy-COF was

synthesized through acid-catalyzed imine condensation. By utiliz-

ing the π-π stacking and hydrogen bonding interactions between

Bpy-COF and PThC, a Bpy-COF/PThC type II heterojunction was suc-

cessfully fabricated.

The morphology and microstructure of the composite were

observed using SEM. From Fig. 1b, it can be seen that Bpy-COF is a

flower-like cluster composed of stacked nanosheets. Fig. 1c reveals

that PThC possesses a distinct porous structure, with intercon-

nected channels that can provide more pathways for charge trans-

fer. As observed in Figs. 1d-i, Bpy-COF and PThC are in close con-
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Fig. 1. (a) Synthesis process of Bpy-COF/PThC heterojunction. Scanning electron microscopy (SEM) images of (b) Bpy-COF, (c) PThC and (d) 30% Bpy-COF/PThC. (e-i) Mapping

images of 30% Bpy-COF/PThC.

Fig. 2. (a) Zeta potential diagram. (b) XRD spectra. (c) FT-IR spectra. (d) Raman spectra. (e) XPS survey spectra. (h-k) High-resolution XPS spectra.

tact, and elements such as C, N, O, and S are uniformly distributed

in the material, proving the successful synthesis of the hetero-

junction. The high-resolution transmission electron microscopy

(HR-TEM) images of Bpy-COF (Fig. S1 in Supporting information)

and Bpy-COF/PThC (Fig. S2 in Supporting information) both exhibit

clear lattice fringes with a spacing of 0.28nm, similar to other

reported COFs [53,54]. As shown in Fig. 2a, the zeta potentials of

Bpy-COF and PThC are −15.4 and −11.2mV, respectively, indicating

that they cannot be complexed through electrostatic attraction.

Considering the π-electron conjugated system and carboxyl group

of PThC, it is speculated that PThC can be tightly bound to

Bpy-COF rich in aromatic groups through π-π interactions.

The structural characteristics of the material were analyzed us-

ing XRD, FTIR, and Raman spectroscopy. As depicted in Fig. S3, the

obvious diffraction peak of Bpy-COF at 2θ =2.44° corresponds to

the (100) lattice plane, indicating the presence of open channels

[55–57]. The broad peak of Bpy-COF in the range of 25°−30° is

attributed to the (001) crystallographic plane, suggesting the π–

π stacking of 2D layers along the c direction [58–60]. PThC has

three distinct characteristic peaks at 20.2°, 23.0° and 39.0°. The
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broad diffraction peak at 23.0° is attributed to the π-π stacking

form [61]. With the increase of the mass fraction of Bpy-COF, the

characteristic peak of Bpy-COF in Bpy-COF/PThC composites gradu-

ally increases, while the diffraction peak intensity of PThC gradu-

ally weakens. As displayed in Fig. 2c, the FT-IR peak at 1698 cm-1

is attributed to the C=O stretching mode of the carboxyl group

[62]. The peaks at 3063, 3015 and 2919 cm-1 are related to the C–H

stretching mode. The peak at 1557 cm-1 is caused by O–H vibration.

The peaks at 934 and 791 cm-1 are attributed to the =C−H and

C−H deformation vibrations, respectively. As exhibited in Fig. 2d,

the peaks at 1170 and 1194 cm-1 are associated with the in-plane

ring C–H bending and stretching vibrations. Both Bpy-COF and

PThC have obvious peaks at 1416 cm-1, which is consistent with

the C=C vibration mode of fat. The peaks at 1566 and 1606 cm-1

in Bpy-COF are generated by the stretching vibration of aromatic

C=C bonds in the plane [63]. In addition, the peak position of 30%

Bpy-COF/PThC is blue-shifted relative to Bpy-COF, which may also

be the result of π-π interactions [63]. The aforementioned obser-

vations discovered in Raman spectroscopy are consistent with the

results obtained from FTIR spectroscopy, revealing the formation

of chemical bonds between Bpy-COF and PThC, rather than simple

mixing.

The surface chemical valence states of Bpy-COF, PThC, and 30%

Bpy-COF/PThC were studied using XPS. As shown in the total spec-

trum of Fig. 2e, the presence of C, N, O, and S elements in the het-

erojunction is demonstrated, with N 1s originating from Bpy-COF,

O 1s and S 2p originating from PThC, and C 1s originating from

both monomers, confirming the successful preparation of the het-

erojunction. Fig. 2f is a C 1s spectrum, and all three samples have

a peak at 284.8 eV, which corresponds to the graphite C–C bond

[64]. The C 1s spectra of Bpy-COF display four distinct peaks at

282.5, 283.0, 284.8 and 286.7 eV, corresponding to C–C, C–N, C=O

and π-π excitation, respectively [65,66]. Fig. 2g shows the N 1s

spectrum, with 396.7 and 399.7 eV corresponding to the R-CN and

pyridine C–N–H bonds, respectively [67–69]. The O 1s spectrum

(Fig. 2h) shows two characteristic peaks at 528.3 and 530.7 eV for

PThC, corresponding to the O=C bond and adsorbed -OH oxygen,

respectively [32–34]. The characteristic peaks of S 2p at 160.5 and

161.5 eV (Fig. 2i) can be attributed to S 2p1/2 and S 2p3/2, respec-

tively [37,38]. Notably, the N peak in the heterojunction shifts to-

wards lower binding energy, while the peak positions of O 1s and

S 2p shift towards higher binding energy, indicating that Bpy-COF

gains electrons (e-), while PThC loses electrons. In the heterojunc-

tion, electrons move from PThC to Bpy-COF, leading to an increase

in electron density on the surface of Bpy-COF, further confirming

the strong interfacial interaction between Bpy-COF and PThC.

Targeting MRSA as the drug-resistant bacteria, the photocat-

alytic antibacterial activities of the materials were investigated. As

shown in Fig. 3a, PThC and Bpy COF can only kill approximately

1.00 log and 0.48 log of MRSA, respectively, within 60min. The

Bpy-COF/PThC heterojunction exhibits superior antibacterial effi-

cacy compared to Bpy-COF and PThC alone. When the loading ra-

tio of Bpy-COF increases from 10% to 30%, the photocatalytic an-

tibacterial efficiency of the heterojunction gradually improves. This

can be explained by the fact that the loaded Bpy-COF improves

the separation efficiency of photogenerated carriers in the hetero-

junction, facilitating the generation of more active species. How-

ever, as the loading amount of Bpy-COF continues to increase, the

photocatalytic antibacterial efficiency of the heterojunction gradu-

ally decreases. This is mainly because excessive Bpy-COF reduces

the exposed active sites of the composite, thereby decreasing the

production of active species. From Fig. 3b, it can be seen that

30% Bpy COF/PThC exhibits the best antibacterial effect, killing

99.96% of bacteria after 60min of irradiation and demonstrating

better bactericidal performance than other reported organic photo-

catalysts (Table S1 in Supporting information). Moreover, the reac-

Fig. 3. The effects of different proportions of Bpy-COF/PThC on (a) cell density and

(b) bacterial survival rate of MRSA. The effects of different concentrations of 30%

Bpy-COF/PThC on (c) cell density and (d) bacterial survival rate of MRSA. Photos of

(e) MRSA colonies on agar plates and (f) rabbit plasma flow after treatment with

30% Bpy-COF/PThC (0.4mg/mL) under visible light.

tion rate constant of 30% Bpy-COF/PThC is the highest (1.48min-1),

which is 21.14 times and 9.80 times higher than that of Bpy-COF

(0.07min-1) and PThC (0.151min-1), respectively (Fig. S4 in Sup-

porting information). The above results demonstrate that the en-

hanced antibacterial capability of the composite is attributed to the

formation of a heterojunction.

By changing the amount of catalyst added, the inactivation abil-

ity of 30% Bpy-COF/PThC with different concentrations (0.1, 0.2,

0.4 and 0.6mg/mL) against MRSA was investigated. As shown in

Figs. 3c and d, when the catalyst concentration increases from

0.1mg/mL to 0.4mg/mL, the antibacterial performance of the pho-

tocatalyst is enhanced. However, when the concentration increases

to 0.6mg/mL, the antibacterial performance decreases. This is be-

cause high doses of photocatalysts can lead to increased light scat-

tering and decreased light transmittance, ultimately resulting in a

decrease in the number of active species. After 60min of photocat-

alytic reaction between 0.4mg/mL 30% Bpy-COF/PThC and bacteria,

there are almost no bacterial colonies on the agar plate (Fig. 3e),

and the rabbit plasma is in a completely flowing state (Fig. 3f), in-

dicating that the bacteria has been completely inactivated at this

time.

The potential for practical application of the material was fur-

ther investigated through photocatalytic antibacterial experiments

under natural light exposure. As shown in Figs. 4a and b, it can be

observed that the bacterial density in the control group and the

Bpy-COF treatment group remain almost unchanged. The bacteri-

cidal rate of PThC reaches 60% after 1 h of natural light exposure.

However, the bactericidal rate of the 30% Bpy-COF/PThC composite

significantly increases to 96% after 1 h of natural light exposure,

and it can completely kill 7.43 log of MRSA after 3h (Fig. 4c), indi-

cating that the Bpy-COF/PThC heterojunction still exhibits excellent

antibacterial performance under natural light exposure.
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Fig. 4. Effects of 30% Bpy-COF/PThC (0.4mg/mL) on (a) cell density and (b) bacte-

rial survival rate of MRSA under natural light. (c) Photos of MRSA colonies at differ-

ent reaction times. (d) Cell density and (e) survival rate curves of MRSA after five

cycles of inactivation by 30% Bpy-COF/PThC. (f) XRD and (g) FT-IR spectra of 30%

Bpy-COF/PThC before and after photocatalytic reaction.

To investigate the recyclability and stability of the 30% Bpy-

COF/PThC heterojunction, five cycles of photocatalytic sterilization

experiments were conducted. Experimental data indicate that af-

ter five cycles of repeated use, the composite still exhibits high

antibacterial activity, maintaining an inactivation rate of over 95%

against MRSA bacteria (Figs. 4d and e). A possible reason for the

slight decrease in photocatalytic antibacterial efficiency is the loss

of a small amount of photocatalyst during the recycling and collec-

tion process. Another possible cause is slight light corrosion caused

by prolonged simulation of sunlight exposure [42]. The XRD (Fig.

4f) and FT-IR (Fig. 4g) spectral images of the composite before

and after the photocatalytic reaction are almost identical, indicat-

ing that the chemical structure of the composite is relatively stable

and can be recycled for reuse.

The live/dead bacterial staining experiment can visually demon-

strate the bactericidal effect of photocatalytic materials. As shown

in Fig. 5, after 60min of visible light irradiation, the MRSA cells

in the control group (without photocatalyst) exhibit green fluores-

cence, indicating that the cells are still alive. However, all MRSA

cells treated with the 30% Bpy-COF/PThC heterojunction exhibit

obvious red fluorescence, indicating that the bacteria have been in-

activated.

The morphological changes of MRSA cells before and after the

reaction were observed by SEM and TEM, further investigating the

mechanism of bacterial inactivation. From Fig. 6a, it can be seen

that before the photocatalytic reaction, most MRSA cells were en-

Fig. 5. (a) Fluorescence confocal microscopy images of MRSA bacteria in the control

group and (b) in the experimental group.

capsulated by the material, and the bacteria on the material sur-

face present as round, grape-like shapes with intact cell walls. Af-

ter the reaction, wrinkles and depressions appear on the cell sur-

face (Fig. 6b). From the TEM images of MRSA cells before and after

the reaction (Figs. 6c-f), it can be observed that after the photocat-

alytic reaction, the bacterial cell walls are damaged.

When bacterial cells are damaged, their permeability increases,

leading to the leakage of inorganic salts and proteins from the

body. By testing the protein content and conductivity of bacterial

suspensions at different reaction times, we can further investigate

the inactivation mechanism of bacteria. As the photocatalytic re-

action time increases, there is no significant change in the protein

leakage amount of MRSA cells in the control group, while the pro-

tein leakage amount in the experimental group gradually increases

(Figs. 6g and h). Fig. 6i shows that the conductivity of the bacterial

suspension in the experimental group increases with the extension

of reaction time. The conductivity value at 60min is approximately

17.5 times that at 0min and 3.5 times that at 60min in the con-

trol group. The above experimental results indicate that the Bpy-

COF/PThC heterojunction under illumination can rupture the cell

membrane of MRSA cells, leading to the leakage of contents such

as inorganic salts and proteins, thereby inactivating the bacteria.

The broad-spectrum bactericidal potential of the material was

further investigated through photocatalytic inactivation experi-

ments of E. coli under visible and natural light irradiation. Exper-

imental data indicates the antibacterial performance of 30% Bpy-

COF/PThC against E. coli under visible or natural light is signifi-

cantly better than that of Bpy-COF and PThC. After 2 h of visible

light irradiation, 2.75 log of bacteria can be killed, with a bacterici-

dal rate of 99.83% (Fig. S5 in Supporting information). The antibac-

terial activity of 30% Bpy-COF/PThC against E. coli is slightly lower

than its antibacterial activity against MRSA. This may be due to the

protective effect of the outer membrane of E. coli, which makes it

difficult for free radicals to penetrate the cell wall [70]. Under nat-

ural light irradiation for 2h, the composite material can kill 98.22%

of E. coli (Fig. S6 in Supporting information), indicating that the

Bpy-COF/PThC heterojunction has excellent broad-spectrum bacte-

ricidal capability.
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Fig. 6. SEM images of MRSA (a) before and (b) after the photocatalytic reaction. TEM images of MRSA (c, e) before and (d, f) after the photocatalytic reaction. Changes in (g,

h) protein leakage and (i) conductivity of MRSA at different reaction times.

The photocatalytic degradation capability of the composite to-

wards environmental pollutants was evaluated through degrada-

tion experiments of RhB (Fig. 7a), MB (Fig. 7b), and TC (Fig. 7c) un-

der simulated sunlight. The experimental results indicate that after

180min of exposure to light, the degradation rate of RhB by 30%

Bpy-COF/PThC is 94.8 %, whereas the degradation rates of RhB by

Bpy-COF and PThC are only 30.47% and 13.13%, respectively. The

reaction rate constant (3.09min-1) of the composite is 8.58 times

and 23.76 times higher than that of Bpy-COF (0.36min-1) and PThC

(0.13min-1), respectively (Fig. 7d). Moreover, the degradation rate

constants (1.03 and 0.51min-1) of MB (Fig. 7e) and TC (Fig. 7f) by

the 30% Bpy-COF/PThC heterojunction are also significantly higher

than those by Bpy-COF (0.21 and 0.14min-1) and PThC (0.34 and

0.14min-1). The experimental data demonstrate that the degrada-

tion performance of the composite for the three pollutants is sig-

nificantly superior to that of Bpy-COF and PThC. To further evaluate

the removal capability of the photocatalyst towards pollutants, the

removal rate of total organic carbon (TOC) by the composite was

tested. As shown in Fig. S7 (Supporting information), the TOC min-

eralization rates reach 56.86% for RhB, 46.02% for MB, and 14.63%

for TC, respectively. These results demonstrate that the compos-

ite exhibits excellent degradation activity towards various environ-

mental pollutants.

The degradation pathway and intermediates of RhB in the pho-

tocatalytic process were further studied using high-performance

liquid chromatography-mass spectrometry (HPLC-MS) technology.

As exhibited in Fig. S8 (Supporting information) and Fig. 7g, RhB

(m/z=443) undergoes N-demethylation to produce substance A

(m/z=415), which decomposes to generate product B (m/z=319),

and B undergoes decarboxylation to produce product C (m/z=259).

Meanwhile •O2
- and •OH radicals are cleaved to produce product

E (m/z=274), which is then converted to product F (m/z=150)

[71,72]. Intermediate product D (m/z=219) can undergo cleavage

as a chromophore [73,74]. Under the action of active species, the

macromolecular intermediate undergoes oxidation, ring-opening

reactions, and removal of functional groups, gradually decompos-

ing into several small molecular intermediates, such as products G

(m/z=133), H (m/z=88), and J (m/z=62), and ultimately decom-

posing into H2O and CO2.

To evaluate the biotoxicity of the 30% Bpy-COF/PThC hetero-

junction, the composite with different concentrations were co-

cultured with NIH3T3 cells. As displayed in Fig. 7h, with the

increase in the concentration of the composite (100, 200, 400,

600μg/mL), there is no significant change in the morphology of

the cells, and most of the cells survive (green fluorescence). In

Fig. 7i, after co-culturing the composite with NIH3T3 cells for 12

and 24h, the decrease in cell viability is relatively small, indicating

that the 30% Bpy-COF/PThC heterojunction has low biotoxicity and

good biocompatibility towards NIH3T3 cells.

The optical properties of the composites were evaluated by UV–

vis diffuse reflectance spectroscopy (Fig. 8a). Based on the Tauc

plot method, the band gap energies (Eg) of Bpy-COF, PThC, and

30% Bpy-COF/PThC were calculated to be approximately 2.31, 1.98,

and 1.93 eV, respectively (Fig. 8b). The ordered π-induced stacking

structure of Bpy-COF/PThC enhances its light absorption capability

and optimizes its bandgap, rendering it an efficient generator of

ROS [75–77].

By measuring the Mott-Schottky curves at different frequencies,

the flatband potentials of Bpy-COF (Fig. 8c) and PThC (Fig. 8d) are

determined to be −0.65V vs. Ag/AgCl (−0.45V vs. normal hydro-

gen electrode [NHE]) and −1.06V vs. Ag/AgCl (−0.86V vs. NHE),

respectively. Additionally, both Bpy-COF and PThC exhibit positive

slopes, indicating that they are n-type semiconductors. For n-type

semiconductors, the flatband potential is approximately equal to

conduction band (CB) potential [40–42]. Therefore, it can be in-

ferred that the conduction band (CB) positions of Bpy-COF and

PThC are −0.45 and −0.86 eV, respectively, while the valence band

(VB) positions are 1.86 and 1.12 eV, respectively. Therefore, the en-

ergy band structures of Bpy-COF and PThC are intertwined, which

is conducive to the formation of stable and efficient heterojunc-

tions, thereby facilitating the separation and transport of photo-

generated carriers.
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Fig. 7. Photocatalytic degradation performance charts of (a) RhB, (b) MB, and (c) TC, and (d-f) reaction rate constants under visible light using 30% Bpy-COF/PThC. (g) Possible

pathway for photocatalytic degradation of RhB. (h) Fluorescence inverted microscope images of NIH3T3 cells co-cultured with different concentrations of 30% Bpy-COF/PThC,

and (i) survival rate of NIH3T3 cells after co-culture for 12 and 24h.

The photogenerated carrier transfer efficiency of the hetero-

junction was investigated through EIS, PL, TRPL and photocurrent

response spectra (Fig. 8e). Experimental data reveal that 30% Bpy-

COF/PThC exhibits the lowest charge transfer resistance (Fig. 8f)

and PL fluorescence intensity (Fig. 8g), along with the highest pho-

tocurrent response intensity, indicating its superior charge sepa-

ration efficiency. As evident from Fig. 8h, the fluorescence life-

time of the composite (0.35ns) is shorter than that of Bpy-COF

(0.63ns) and IDT-COOH (0.60ns), suggesting that short-lived car-

riers can enhance the photocatalytic activity by rapidly generating

highly reactive species. Through π-π interactions, the heterojunc-

tion forms a tight contact interface, effectively reducing the inter-

face resistance and greatly facilitating the efficient separation of

space charges, which is conducive to the generation and transport

of active radicals [78–80].

The types and contributions of active species in the photo-

catalytic antibacterial process were investigated through radical

trapping experiments and ESR tests. Under visible light, NaN3,

EDTA-2Na, K2Cr2O7, l-ascorbic acid, and isopropanol were used

as trapping agents for 1O2, h
+, e-, •O2

-, and •OH, respectively. Fig.

S9a (Supporting information) shows the toxicity test results of

various capture agents, and the experimental data indicate that

the various capture agents themselves do not have a significant

inactivation effect on bacteria. From Fig. S9b (Supporting informa-

tion), it can be seen that the photocatalytic antibacterial activities

of Bpy-COF/PThC heterojunction are inhibited to varying degrees

after adding various capture agents, and the contribution rates of

each active species are in the order of e- > 1O2 > •O2
- > •OH >

h+. The content of active species was further determined using

ESR testing. As shown in Fig. 8i, there is no obvious signal peak

under dark conditions, while under visible light irradiation, the

Bpy-COF/PThC heterojunction can generate 1O2,
•OH and •O2

-.

Based on the aforementioned research results, the photogen-

erated charge separation pathway and photocatalytic reaction

mechanism of the Bpy-COF/PThC heterojunction are proposed. As

illustrated in Fig. 9, the conduction band of PThC is −0.86 eV vs.

NHE, while that of Bpy-COF is −0.45 eV vs. NHE. The conduction

band position of PThC is higher than that of Bpy-COF. Under visible

light irradiation, e- on the CB of PThC can transfer to the CB of

Bpy-COF, while h+ on the VB of Bpy-COF simultaneously migrate

to the VB of PThC. The formation of the Bpy-COF/PThC heterojunc-

tion facilitates the separation of photogenerated carriers. Electrons

can be captured by O2 to generate •O2
- (O2/

•O2
- =−0.33 eV vs.

NHE), and 3O2 is converted to 1O2 through an energy transfer pro-

cess [34]. Since the VB position of PThC (1.12 eV vs. NHE) and the

VB potential of Bpy-COF (1.86 eV vs. NHE) are more negative than

the potential of OH-/•OH (1.99 eV vs. NHE) and H2O/
•OH (2.27 eV

vs. NHE), it is difficult to oxidize H2O/OH
- to •OH under visible

light irradiation. However, more H2O2 can be generated through

the two-electron reduction reaction of O2 and H+, which can then

be converted to •OH, further enhancing the oxidation capability

of the composite system. Under the combined action of •O2
-, h+,

•OH, and 1O2, the Bpy-COF/PThC heterojunction can degrade and

mineralize organic matter into small molecular products such

7
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Fig. 8. (a) UV–vis spectra and (b) bandgap diagrams of Bpy-COF, PThC, and 30% Bpy-COF/PThC. Mott-Schottky curves of (c) Bpy-COF and (d) PThC. (e) Photocurrent response.

(f) Electrochemical impedance spectroscopy (EIS) impedance. (g) Photoluminescence (PL) spectra. (h) Time-resolved photoluminescence (TRPL) spectra. (i) Electron spin

resonance (ESR) spectra.

Fig. 9. Schematic diagram of the photocatalytic reaction mechanism of Bpy-

COF/PThC heterojunction.

as CO2 and H2O. Meanwhile, these ROS possess highly unstable

redox potentials, capable of killing a wide range of bacteria within

a short period of time. Its specific bactericidal mechanism en-

compasses the following aspects. The generated ROS can damage

the cellular components of bacteria, attack the cell wall, and tear

apart the cell membrane. Subsequently, ROS react with cellular

proteins, typically targeting the amino/carboxyl functional groups

in amino acids, disrupting the peptide bonds within amino acids,

leading to leakage of intracellular contents and protein denatura-

tion. Additionally, ROS can oxidize enzymes required for glucose

decomposition in bacteria, causing metabolic disorders and thus

inhibiting bacterial growth. ROS molecules can also directly react

with bacterial DNA and RNA, damaging their genetic material and

preventing normal replication and reproduction of bacteria. Ulti-

mately, this leads to the death of E. coil and MRSA cells [81–84].

In summary, the Bpy-COF/PThC heterojunction exhibits higher

light absorption performance, faster separation and migration effi-

ciency of photogenerated carriers, and stronger oxidation capabil-

ity, thus significantly improving its photocatalytic performance in

removing organic pollutants and drug-resistant bacteria.

In conclusion, a Stille coupling reaction was employed to pre-

pare a thiophene-based conjugated polymer, which was then com-

pounded with a bipyridine covalent organic framework to suc-

cessfully fabricate a novel Bpy-COF/PThC all-organic heterojunction.

Characterization results such as XRD, FT-IR, Raman, XPS, and SEM

demonstrate the successful preparation of the Bpy-COF/PThC het-

erojunctions. The π-π stacking interaction between Bpy-COF and

PThC aids in charge separation. Antibacterial experiments indicate

good photocatalytic performance against both MRSA and E. coli un-

der both LED light and natural light. Under LED light, 7.23 log of

MRSA can be completely killed within 60min, and the sterilization

rate for E. coli reaches 99.83% after 2h. Protein leakage, conduc-

tivity, live/dead bacterial fluorescence experiments, as well as SEM

and TEM images after bacterial reaction, reveal that the cell wall

is destroyed, leading to bacterial death. When irradiated with LED

light for 180min, degradation rates of 94.80%, 65.81%, and 40.67%

are achieved for RhB, MB, and TC, respectively, demonstrating the

universality of 30% Bpy-COF/PThC for pollutant degradation. Mech-

anism analysis shows that this type II heterojunction can achieve

efficient electron-hole pair separation and carrier transport. Cyto-

toxicity testing results indicate that the material has good biocom-

patibility and potential for practical applications. The research find-

ings provide new design ideas for constructing efficient and safe

organic photocatalysts.
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